Purpose Late-life depression even in subsyndromal stages is strongly associated with Alzheimer's disease (AD). Furthermore, brain amyloidosis is an early biomarker in subjects who subsequently suffer from AD and can be sensitively detected by amyloid PET. Therefore, we aimed to compare amyloid load and glucose metabolism in subsyndromally depressed subjects with mild cognitive impairment (MCI). were compared with their nondepressed counterparts. Conversion rates to AD were analysed (mean follow-up time 21.5±9.1 months) with regard to coexisting depressive symptoms and brain amyloid load. Results Aβ+ depressed subjects showed large clusters with a higher amyloid load in the frontotemporal and insular cortices (p<0.001) with coincident hypermetabolism (p<0.001) in the frontal cortices than nondepressed subjects. Faster progression to AD was observed in subjects with depressive symptoms (p<0.005) and in Aβ+ subjects (p<0.001). Coincident depressive symptoms additionally shortened the conversion time in all Aβ+ subjects (p<0.005) and to a greater extent in those with a high amyloid load (p<0.001). Conclusion Our results clearly indicate that Aβ+ MCI subjects with depressive symptoms have an elevated amyloid load together with relative hypermetabolism of connected brain areas compared with cognitively matched nondepressed individuals. MCI subjects with high amyloid load and coexistent depressive symptoms are at high risk of faster conversion to AD.
Introduction
Alzheimer's disease (AD) is imposing an onerous burden on health-care systems in societies with ageing populations [1] . Neurofibrillary tangles and amyloid plaques together comprise the hallmark neuropathology of AD [2] . Elevated brain amyloid burden is clearly associated with cognitive decline in the healthy elderly [3] and in individuals with mild cognitive impairment (MCI) [4] . Recent studies have shown that late-life depression is associated with MCI [5] and with AD [6] . A higher relative risk of conversion from cognitively normal to MCI and to a lesser degree from MCI to AD [7] has been demonstrated in subsyndromally depressed elderly patients (rated by the Neuropsychiatric Inventory Questionnaire, NPI-Q). However, the literature remains inconclusive as to whether late-life depression is a risk factor for emergence of AD, or whether late-life depression, as an early symptom of AD, is implicated in the pathophysiology of Alzheimer's type dementia. Previous investigations regarding the link between depression and brain amyloidosis have mainly focused on subjects who had previously had depressive episodes [8] [9] [10] , and have mostly found elevated β-amyloid (Aβ) levels. Despite these roughly consistent amyloid PET findings, there is less concordance among [ 18 F]FDG PET studies in depressed subjects, which have shown regions of hypermetabolism [11] [12] [13] or hypometabolism [14] [15] [16] [17] .
Given this background, we aimed in the present study to investigate brain amyloidosis in conjunction with studies of brain glucose metabolism in the presence or absence of depressive symptoms (defined by NPI-Q) in a large cohort of MCI subjects from the Alzheimer's Disease Neuroimaging Initiative (ADNI). We also investigated the impact of depressive symptoms at baseline on the progression of dementia from clinical follow-up data.
Methods

Alzheimer's Disease Neuroimaging Initiative
The data used in the preparation of this article were obtained from the ADNI database (adni.loni.usc.edu). The ADNI was launched in 2003 by the National Institute on Aging, the N a t i o n a l I n s t i t u t e o f B i o m e d i c a l I m a g i n g a n d Bioengineering, the Food and Drug Administration, private pharmaceutical companies and nonprofit organizations, as a 5-year public-private partnership with a US$60 million budget. The primary goal of ADNI is to identify the optimal combinations of serial MRI, PET and other biological markers, in conjunction with clinical and neuropsychological assessments to predict and measure the progression of MCI and early AD. The objective is to determine sensitive and specific markers of very early AD progression that will aid researchers and clinicians in developing new treatments and monitoring their effectiveness, while lessening the expense and duration of clinical trials.
The Principal Investigator of this initiative is Michael W. Weiner, MD, VA Medical Center and University of California -San Francisco, but ADNI is the fruit of the efforts of many coinvestigators from diverse academic institutions and private corporations; subjects have been recruited from over 50 sites across the US and Canada. ADNI studies are conducted in accordance with the Good Clinical Practice guidelines, the principles of the Declaration of Helsinki, and US 21 CFR Part 50 (Protection of Human Subjects), and Part 56 (Institutional Review Boards). This study was approved by the Institutional Review Boards of all of the participating institutions. Written informed consent was obtained from all participants at each site. The initial goal of ADNI was to recruit 800 subjects, but with the project extensions ADNI-GO and ADNI-2 has recruited over 1500 subjects aged 55 to 90 years. The research population consists of cognitively normal older individuals, individuals with early or late MCI, or patients with early AD. The follow-up duration of each group is specified in the protocols for ADNI-1, ADNI-2 and ADNI-GO. Subjects originally recruited for ADNI-1 and ADNI-GO had the option to be followed in ADNI-2. For up-to-date information, see www. adni-info.org.
Data from ADNI-GO/ADNI2 are included in the present work. Preprocessed brain PET recordings, images and corresponding T1-weighted MPRAGE MR images (T1-W MRI) were downloaded from the ADNI database as on 30 August 2013.
Patient selection and study design
On the database cut-off date, 371 clinically rated subjects with MCI had received [ 18 F]AV45 PET, FDG PET and T1-W MRI at baseline within ADNI-GO/ADNI2. In addition, apolipoprotein Eε4 (APOE ε4) status was assessed, and the NPI-Q score, Mini Mental State Examination (MMSE) score and education level were recorded at the time of the PET scans.
All subjects were categorized according to their depressive symptoms and brain Aβ status. Subsyndromal depression was diagnosed according to item 4 (depressive symptoms) of the NPI-Q [18] at the time (±2 months) of PET scanning where negative on item 4 indicated no depression and positive indicated depression. Aβ-positive (Aβ+) and Aβ-negative (Aβ−) [ 18 F]AV45 PET status was defined according to the threshold of ≥1.10, a criterion derived from the ADNI database for the composite volume of interest (VOI) standardized uptake value ratio (SUVR) providing the highest diagnostic discrimination between cognitively normal individuals and AD patients [19] . As the proportions of Aβ+ subjects were unequal between nondepressed subjects (53 %, 141/265) and depressed subjects (61 %, 65/106; p=0.16), analyses were performed separately in Aβ− subjects (N=165) and Aβ+ subjects (N=206).
A mean follow-up of 21.5±9.1 months with regard to conversion to dementia was available in 366 subjects (database to 2 June 2014). Each of these subjects was identified as a nonconverter when MCI was stable over the whole observation time, or as a converter when MCI had progressed to AD.
A detailed overview of all study groups including demographics is provided in Fig. 1 Manual_0142011.pdf) and were preprocessed as described in: http://adni.loni.usc.edu/methods/pet-analysis/pre-processing/.
ADNI MRI acquisition and preprocessing T1-W MRI scans had been acquired using Siemens, GE or Philips MRI scanners followed by MRI preprocessing according to a standard protocol [20] .
Image processing
MRI coregistration and segmentation
All coregistration procedures were performed using the PMOD FUSION tool (v. 3.407 PMOD Technologies). First, T1-W MRI images were rigidly coregistered to the corresponding PET images to provide linear MRI-to-PET and inverted PET-to-MRI transformations, which were saved in MATLAB format. Next, T1-W MRI images were nonlinearly coregistered to the standard Montreal Neurological Institute (MNI) space T1-W template, and the calculated transformations were also saved in MATLAB format (MRI-to-MNI). T1-W MRI images were segmented into grey matter (GM), white matter (WM) and cerebrospinal fluid (CSF) within native MRI space using the PMOD PNEURO tool [21] . All segmentations were visually checked for correctness and extracerebral artefacts. When artefacts were present, masking through the individual's whole-brain FDG PET image binarization (in T1-W MRI space) was applied to the segmentation. All subjects were first categorized as positive or negative according to their amyloid PET status [19] for the voxel-wise analysis (left branch). Subsequently, the Neuropsychiatric Inventory Questionnaire (NPI-Q; depression item 4) was used to identify subclinically depressed (DEP) and nondepressed (NON-DEP) study groups. The 366 subjects who received clinical follow-up were used for the conversion analysis (right branch) with respect to Aβ and depression status Partial volume effect correction of [
F]AV45 PET and FDG PET
T1-W MRI segmentations were coregistered to the corresponding PET images by MRI-to-PET transformation in order to perform partial volume effect (PVE) correction in noninterpolated PET space. Voxel-wise PVE correction [22] was executed in PET space by PMOD with a GM threshold of 0.3, WM regression of 0.95 and isotropic full-width at halfmaximum (FWHM) of 8 mm. PET-to-MRI and MRI-to-MNI transformations were finally combined and applied to the atrophy-corrected PET images to achieve spatially normalized PET images with minimum interpolation and maximum accuracy. Images from depressed and nondepressed subjects were compared using a significance threshold of p<0.005, uncorrected for multiple comparisons and a cluster size of >100 voxels, while Aβ and FDG differences in parametric images were analysed separately with two-tailed tests.
Image analysis
VOI-based [ 18 F]AV45 PET analysis
Whole-brain composite VOI values were assessed using the Hammers atlas and PVE-corrected SUVRs for whole cerebellum (SUVR CBL ) as a reference region. SUVR CBL values were compared between nonconverters and converters and between nondepressed and depressed subjects. APOE ε4 alleles, age, gender, MMSE score and education level were used as covariates (SPSS, version 21.0; IBM, Chicago, IL). P values <0.05 were deemed to be significant after Bonferroni correction.
Conversion analysis
Kaplan-Meier plots were used to compare conversion rates between nondepressed and depressed subjects and between Aβ+ and Aβ− subjects. Additionally conversion rates were compared between nondepressed and depressed Aβ+ subjects separately and a subgroup of subjects with a high amyloid load (SUVR CBL >1.7). The multivariate Cox proportional hazards model was used to obtain hazard ratio estimates and 95 % confidence intervals for Aβ+, depression and the presence of established risk factors (APOE ε4 alleles, age, gender, MMSE score and education level).
Results
The rates of depression were 32 % among Aβ+ and 25 % among Aβ− subjects. There were no significant differences in MMSE score, gender, age or education level within the Aβ+ and Aβ− groups. APOE ε4 status significantly differed between Aβ+ and Aβ− subjects (Table 1) .
Voxel-wise [
F]AV45 and FDG PET analysis
In Aβ+ subjects Among all Aβ+ subjects, those with depression showed higher amyloid deposition in the left superior temporal gyrus, left uncus and gyrus parahippocampalis, left insula and the left cingulate gyrus (p<0.001) as well as in the left medial frontal and rectal gyrus (p<0.005) compared with those without depression. Significantly lower levels of amyloid were found in a small cluster of the right cuneal cortex (p<0.001; Fig. 2a ). Corresponding FDG data showed relative hypermetabolism in the bilateral frontal lobes as well as in the left fusiform gyrus (p<0.001) in depressed subjects compared with nondepressed subjects. Hypometabolism was found in a small cluster of the left cuneal cortex (p<0.001; Fig. 2b ). All cluster sizes, localizations and T-scores are presented in Supplementary Table 1. in Aβ− subjects Among Aβ− subjects, [ 18 F]AV45 PET in the depressed subjects showed small clusters with lower amyloid deposition in bilateral temporal, left precentral and right inferior frontal gyri (p<0.001) compared with the nondepressed subjects, and no increases were seen (Supplementary Fig. S1a ). Corresponding FDG data did not show any metabolic differences among the whole group of depressed subjects ( Supplementary Fig. S1b ). All cluster sizes, localizations and T-scores are presented in Supplementary Table 2. VOI-based [ 18 
F]AV45 PET analysis
Significant differences in PVE-corrected whole-brain SUVR CBL were found between depressed converters, who had the highest amyloid load (SUVR CBL 2.09±0.48), and depressed nonconverters (SUVR CBL 1.77±0.34; p<0.001), and between depressed converters and nondepressed nonconverters (SUVR CBL 1.82 ± 0.30; p < 0.01). Nondepressed converters also showed a significantly higher amyloid load (SUVR CBL 2.05±0.42) than depressed nonconverters (SUVR CBL 1.77±0.34; p<0.01). No significant differences were found between subgroups of Aβ− subjects (SUVR CBL range 1.15 -1.23).
Conversion analysis
Of 366 MCI subjects with a mean clinical follow-up of 21.9± 9.1 months, 50 (14 %) progressed to AD. Considered separately, of 105 depressed subjects and 261 nondepressed subjects, 24 (23 %) and 26 (10 %), respectively, converted during this time. Of 205 Aβ+ subjects and 161 Aβ− subjects, 44 (21 %) and 6 (4 %), respectively, converted to AD. Of the 44 Aβ+ converters, 20 (45 %) were also depressed.
Both the depressed subjects (log-rank p<0.005; Fig. 3a ) and the Aβ+ subjects (log-rank p<0.001; Fig. 3b) showed significantly faster progression to AD than their respective counterparts. Further categorization of Aβ+ subjects into depressed and nondepressed showed significantly faster progression in depressed subjects (log-rank p<0.005; Fig. 3c ). In subjects with a high amyloid load (SUVR CBL >1.7), the effect of coexistent depressive symptoms was even more pronounced (log-rank p<0.001): 100 % of these subjects converted during follow-up, compared with 45 % of the nondepressed subjects (Fig. 3d) .
Hazard ratios for conversion to AD were 4.5 (95 % CI 1.7 -11.4, p < 0.005) for Aβ+ subjects, 2.9 (95 % CI 1.6 -5.3, p<0.001) for depressed subjects, and 0.8 (95 % CI 0.7 -0.9, p<0.005) for nondepressed subjects. Considering Aβ+ subjects separately, those who were also depressed showed a hazard ratio of 8.1 (95 % CI 3.1 -21.6, p<0.001) in contrast to 3.0 (95 % CI: 1.1 -8.2, p<0.05) in those who were not depressed.
Discussion
We present the results of the largest analysis so far of combined amyloid and FDG PET assessment in MCI subjects with respect to coexisting depressive symptoms. In addition, we provide the first longitudinal evaluation of progression to dementia in subsyndromal but depressed subjects using amyloid PET as an integral biomarker. Our results clearly indicate that Aβ+ MCI subjects with depressive symptoms suffer from elevated amyloid load compared with nondepressed individuals, with adjustment for various factors influencing cognition. The pronounced frontotemporal amyloid deposition in these patients occurred in association with relative hypermetabolism of connected brain areas on FDG PET. This finding may be related to active inflammation, or represent a form of metabolic compensation in MCI subjects. Subjects with elevated amyloid load and coexisting depressive symptoms were at high risk of faster progression to AD. [24] . The link between depression and dementia in Aβ+ subjects therefore might be related to the region-specific deposition of amyloid, when mood-related neurocircuits happen to be particularly affected by amyloid pathology. Our findings are in line with previously reported associations of region-specific lateral and medial temporal amyloid/ neurofibrillary tangle deposition with depression and anxiety in MCI subjects shown by [ 18 F]FDDNP PET [25] . Previous [ 11 C]PiB PET findings in a small group of patients have also provided evidence that amyloid load is elevated in late-life depressed MCI subjects [8] . CSF levels of Aβ42 are concordantly reduced in MCI subjects suffering from late-life depression and are correlated with cognitive status [26] . Postmortem analyses have indicated a pronounced deposition of amyloid plaques and tangles in the hippocampus in the brain of AD patients with a history of major depression, while subjects with concurrent depressive symptoms at diagnosis of AD exhibit even higher levels of neuropathological change [27, 28] . The elevated frontotemporal levels of amyloid in depressed subjects found in this study are in line with these earlier histological findings. Another study revealed that AD pathology is prominent in the majority of patients with dementia and coexistent depression [29] . This is also in line with our data showing a higher proportion of Aβ+ subjects among MCI subjects with depression (61 %) than among MCI subjects without depression (53 %).
The question still remains as to whether late-life depression constitutes part of the dementia prodrome and/or represents an individual risk factor for AD. From our data we can conclude that depressive symptoms in Aβ+ MCI subjects were clearly associated with higher frontotemporal amyloid levels. Recently published results of the prospective Australian Imaging, Biomarkers and Lifestyle (AIBL) study indicate notably slow increases in brain amyloidosis with age, with an estimated 12 years from absence to [30] . Therefore, we can speculate that late-onset depression triggered by significant amyloid deposition may be part of the dementia prodrome, presenting as much as two decades before manifestation of AD. Indeed, Wu et al. found that patients with life-time occurrence of major depression showed increased [ 18 F]AV45 uptake (and elevation in Hamilton Depression Rating Scale score) compared with depression-free MCI subjects [10] in similar brain regions as in the present investigation. However, a previous [ 11 C]PiB study of similar design did not support this association [9] . This may reflect the fact that in the latter study the cognitively normal subjects were significantly younger (mean age 61 years) with onset of Fig. 3 Kaplan-Meier analyses of time to progression to dementia. Conversion to AD at a consecutive ADNI follow-up visit was used as the specific endpoint. Progression-free survival in a depressed versus nondepressed subjects, b Aβ+ versus Aβ− subjects, c depressed versus nondepressed Aβ+ subjects, and d depressed versus nondepressed subjects with a high amyloid load (SUVR CBL >1.7) . **p<0.005, ***p < 0.001 (log rank test) depression six or more years previously and with complete remission from depression at the time of PET scanning. Overall, findings are consistent with a model in which present depressive episodes in older subjects could constitute a prodrome and risk factor for AD development.
Analysis of our longitudinal follow-up data showed that subsyndromally depressed MCI subjects (mean age 72.1 years) with a high amyloid load had a high risk of rapid conversion to AD. Recent findings in the AIBL population indicate that cognitively intact subjects with abnormal amyloid burden assessed by [ 11 C]PiB PET show a greater decline in episodic and verbal memory at 3 years especially those with comorbid anxiety [31] . Hence, mood-related neuropsychiatric symptoms are associated with more aggressive AD pathology in Aβ+ subjects. Although the pathophysiological mechanism underlying this association cannot be resolved by this or other studies, present data confirm a link among rapid cognitive decline, amyloid burden and depressive symptoms, which may have important implications for new treatment targets [32] .
Amyloid-negative subjects
Following the conjecture of higher amyloid deposition in subsyndromally depressed subjects, one might expect that amyloidosis in Aβ− MCI subjects with depressive symptoms would all have amyloid levels close to the range or threshold for subjects with Aβ+ status. Surprisingly, we found significantly lower levels of amyloid in the frontotemporal areas of subsyndromally depressed Aβ− subjects. These preliminary findings suggest that two different "dementia" pathways can occur in late-life depressed subjects: (1) depression as a prodrome in the "normal" amyloid pathway, and (2) depression without amyloid accumulation, in which subjective memory complaints may play an important role [33] .
Amyloid levels in relation to FDG metabolism
Our results indicate that relative hypermetabolism is present in subsyndromally depressed Aβ+ MCI subjects within a similar domain of frontal brain areas revealing elevated amyloidosis in contrast to the findings in nondepressed subjects. Increased glucose metabolism may reveal an inflammatory process in the brain [34] , possibly caused by the amyloid pathology, or alternatively reflecting a metabolic compensation in still healthy neurons embedded in amyloid-affected networks [35] . A correlation between binding of ligands such as [ 11 C]PBR28 for the 18-kDa translocator protein and AD severity has recently been documented, lending support to the inflammation hypothesis [36] . It is noteworthy that [ 11 C]PBR28 and [ 11 C]PiB binding also correlate with clinical scores after PVE correction, indicating that they reveal pathology rather than simply atrophy. In Aβ− MCI subjects with depressive symptoms FDG metabolism was generally inconspicuous. This finding probably explains the inconsistent results among previous FDG PET studies regarding late-life depression where Aβ status was not hitherto considered. Both hypermetabolism [11] [12] [13] 24] and hypometabolism [14] [15] [16] [17] have been reported in late-life depressed subjects in cognitively preserved and impaired subjects and AD patients. Moreover, PVE correction was not applied in these FDG PET studies, so that atrophy, as may occur in depressed subjects [37, 38] , may have resulted in spurious findings of hypometabolism.
Limitations
The NPI-Q was used to diagnose late-life depression because there was no clinical diagnosis of depression, and especially no gold standard structured clinical interview data available. Therefore, the low sensitivity of the single item has to be considered as a limitation. The geriatric depression scale (GDS) might have been a reasonable alternative. However, a GDS score >5 was defined as an exclusion criterion for ADNI enrolment. Therefore, we think that defining clinical groups by the GDS might have led to more selection bias due to this exclusion criterion, and we consequently focused on NPI-Q. In addition, late-life depression as a clinical syndrome may include heterogeneous subtypes, including common vascular depression [39] , which are probably different from amyloid pathology. Subjects with depressive symptoms often suffer from additional neuropsychiatric symptoms such as anxiety and apathy [40, 41] , which may be independent factors contributing to amyloid or metabolic status. However, had we restricted our search to patients positive for depressive symptoms only, the group size would have been too small to allow statistical comparison. Therefore, we compared our depressed subjects consistently against nondepressed controls irrespective of the presence of other NPI-Q categories to minimize this bias.
Finally, antidepressant medication was documented only from the time of the baseline PET scan irrespective of prior duration, and 62 % of depressed subjects and 5 % of nondepressed subjects were treated with mostly serotonin reuptake inhibitors (SSRI). Therefore, no final conclusions can be drawn as to the effect of previous SSRI treatment on amyloid levels in our subjects. However, according to a recent report in cognitively normal subjects [32] , amyloid levels in SSRI-treated subjects would be expected to be decreased. Therefore, the significance of our findings is more likely to have been attenuated by this circumstance than positively biased. Longitudinal amyloid PET imaging in a prospective study of SSRI-treated and untreated late-life depressed subjects would be of great value.
